Introduction
============

Multiple sclerosis is an autoimmune, neurodegenerative disease of the CNS characterized by immune cell infiltration, glial activation, demyelination and axonal loss ([@awx315-B53]). Experimental autoimmune encephalomyelitis (EAE) is the most widely used animal model to understand disease mechanisms and develop treatments for multiple sclerosis ([@awx315-B11]). Current multiple sclerosis treatments reduce relapse rates, but have modest effects on slowing disability worsening. Thus, there is a need to develop new therapeutic strategies that are neuroprotective in multiple sclerosis.

Oestrogens are known to be neuroprotective in several models of neurodegenerative diseases including multiple sclerosis, Alzheimer's disease, Parkinson's disease, ischaemic stroke and spinal cord injury ([@awx315-B55]; [@awx315-B46]; [@awx315-B50]; [@awx315-B29]; [@awx315-B59]). Oestradiol signals through binding to oestrogen receptors (ER)s, alpha (ERα) and/or beta (ERβ). ERα-ligand treatment mediates protection *in vivo* during EAE by acting on T lymphocytes ([@awx315-B36]; [@awx315-B25]), and astrocytes ([@awx315-B49]), but not neurons ([@awx315-B49]). Unfortunately, treatments using oestradiol or ERα ligands for years in humans may cause adverse effects on breast and uterus, so targeted strategies are needed to achieve neuroprotection while minimizing off-target toxicity. One approach is to use ERα ligands designed to act in a tissue-specific manner in the CNS, but not in the periphery ([@awx315-B42]). Another is to use oestrogen compounds or selective oestrogen receptor modifiers (SERMs) that are neuroprotective through ERβ activation with minimum ERα activation. Oestriol, a naturally occurring oestrogen that is expressed in high levels during the third trimester of pregnancy ([@awx315-B58]; [@awx315-B26]), binds ERs weakly compared to oestradiol, and has a higher affinity for ERβ than ERα (β/α, 2:1) ([@awx315-B21]). Oestriol treatment is neuroprotective in EAE ([@awx315-B39]; [@awx315-B67]) and is safe when administered chronically to humans ([@awx315-B24]; [@awx315-B56]). In a pilot clinical trial, multiple sclerosis patients treated with oestriol had reduced inflammatory lesions in brain ([@awx315-B48]). In a phase 2b double-blinded, placebo-controlled trial, the oestriol-treated group had lower relapse rates and less fatigue ([@awx315-B61]). Also, higher blood levels of oestriol correlated with improved cognition, which was associated with decreased cerebral cortical atrophy ([@awx315-B61]). Another phase 2b trial of oestriol treatment with cognitive improvement as the primary outcome measure is ongoing (NCT01466114). These three clinical trials of oestriol treatment in multiple sclerosis highlight the importance of understanding mechanisms underlying the neuroprotective effects of ERβ activation, since this may lead to new treatment strategies for multiple sclerosis and other neurodegenerative diseases ([@awx315-B37]; [@awx315-B40]).

Regarding a tailored oestrogen receptor ligand approach, treatment with the classic ERβ-ligand diarylpropionitrile (DPN) is neuroprotective in the later phase of chronic EAE, sparing axons and myelin, while reducing grey matter atrophy by MRI ([@awx315-B57]; [@awx315-B28]; [@awx315-B14]). This occurs without decreasing peripheral adaptive immune responses or reducing levels of white matter inflammation in the CNS ([@awx315-B57]), albeit with some qualitative effects on dendritic cells in the CNS ([@awx315-B8]). Also, two high-throughput *in vitro* screens to discover molecules to enhance maturation of oligodendrocytes and promote remyelination have identified SERMs ([@awx315-B30]; [@awx315-B23]) as top candidates and suggested a role for ERβ specifically ([@awx315-B23]). That said, an effect on remyelination is not mutually exclusive of a direct effect of ERβ on the innate immune system during multiple sclerosis and other neurodegenerative diseases.

Here, we hypothesized that CD11c^+^ immune cells could be a direct target of ERβ-ligand treatment. CD11c is a marker for dendritic cells in the peripheral immune system and is expressed in dendritic cells in perivascular areas in EAE ([@awx315-B4]; [@awx315-B41]). These cells release cytokines and chemokines to propagate an immunological cascade leading to demyelination and axonal degeneration ([@awx315-B16]; [@awx315-B12]). CD11c^+^ resident microglia, as well as CD11c^+^ peripheral myeloid dendritic cells and macrophages that have infiltrated into the CNS, are known to be critical in EAE pathogenesis ([@awx315-B2]; [@awx315-B20]; [@awx315-B65]; [@awx315-B5]). Involvement of CD11c^+^ myeloid dendritic cells in progression of later phases of EAE ([@awx315-B32]) was consistent with the timing of the ERβ-ligand treatment effect ([@awx315-B57]). That said, CD11c^+^ resident microglia and CD11c^+^ peripheral myeloid dendritic cells and macrophages have each demonstrated pro-inflammatory and anti-inflammatory properties ([@awx315-B64]), and either could be a target of ERβ-ligand treatment. CD11c^+^ cells express both ERα and ERβ during disease ([@awx315-B38]), but effects of ERβ signalling on these cells *in vivo* during neurodegenerative diseases has remained unknown. Finally, cells of this lineage have been implicated in human diseases, namely multiple sclerosis ([@awx315-B34]) and Alzheimer's disease ([@awx315-B52]), and cell-type specific similarities in gene expression changes have been observed across these distinct diseases ([@awx315-B15]). Here we determine the functional significance of ERβ in CD11c^+^ cells *in vivo* during EAE using cell-specific conditional knockouts (CKO) of ERβ in CD11c^+^ cells, and then use bone marrow chimeras to discern whether ERβ-ligand treatment effects are directly mediated though ERβ in CD11c^+^ myeloid dendritic cells and macrophages versus CD11c^+^ resident microglia.

Materials and methods
=====================

Animals
-------

Mice with ERβ selective deletion in CD11c^+^ and Olig1^+^ cells were generated by crossing transgenic mice that express Cre under the regulation of the CD11c (*Itgax*) promoter and *Olig1* promotor, respectively. C57BL/6J-Tg(*Itgax*-cre,EGFP)4097Ach/J mice (CD11c-cre) and B6;129S4-*Olig1*^tm1(cre)Rth^/J (Olig1-cre) were purchased from Jackson Laboratory ([@awx315-B27]; [@awx315-B54]), and crossed with C57BL/6J-ERβ^floxed/floxed^ mice carrying the ERβ (*Esr2*) gene flanked by LoxP sites, a gift from Dr Pierre Chambon, France ([@awx315-B1]). For the bone marrow chimera study, we used a C57BL/6J congenic strain B6.SJL-*Ptprc*^a^*Pepc*^b^/BoyJ (CD45.1) mice ([@awx315-B47]). Animals were maintained under standard conditions in a 12-h dark/12-h light cycle with access to food and water *ad libitum*. All procedures were done in accordance to the guidelines of the National Institutes of Health and the Chancellor\'s Animal Research Committee of the University of California, Los Angeles Office for the Protection of Research Subjects.

Ovariectomy
-----------

To eliminate the effects of circulating endogenous oestrogens during the experiments, ovariectomy was performed in female mice. Detailed methods are described in the [Supplementary material](#sup1){ref-type="supplementary-material"}.

Experimental autoimmune encephalomyelitis induction and ERβ-ligand treatment
----------------------------------------------------------------------------

Female mice were immunized subcutaneously with MOG, amino acids 35--55 (200 μg per mouse, Mimotopes) emulsified in Complete Freund's Adjuvant, supplemented with *Mycobacterium tuberculosis* H37Ra (200 μg per mouse, Difco Laboratories), over two sites drained by left inguinal and auxiliary lymph nodes in a total volume of 0.1 ml per mouse (Day 0). Pertussis toxin (500 ng per mouse, List Biological Laboratories) was injected intraperitoneally on Day 0 and Day 2. On Day 7, a booster immunization was delivered over contralateral lymph nodes. Ages of female mice for EAE induction were 8 to 12 weeks. The animals were monitored daily for EAE signs based on a standard EAE 0--5 scale scoring system: 0, healthy; 1, complete loss of tail tonicity; 2, loss of righting reflex; 3, partial paralysis; 4, complete paralysis of one or both hind limbs; and 5, moribund ([@awx315-B18]). For ERβ-ligand treatment we used DPN. Treatment was initiated 1 week prior to EAE induction. Briefly, DPN was dissolved in 100% ethanol and then mixed into 100% Miglyol®812 (CREMER Oleo) at 1:9 ratio making the final ethanol concentration 10%, and given subcutaneously every other day at a dose of 8 mg/kg per day until the end of each experiment. Selectivity of DPN at this dose was shown using the sensitive off-target outcome of uterine weight. Specifically, ERα-ligand treatment increased uterine weight ([@awx315-B13]), while ERβ-ligand treatment alone did not affect uterine weight, but blocked ERα-ligand mediated increases in uterine weight when used in combination ([@awx315-B9]). Selectivity for the 8 mg/kg DPN dose was shown by two groups ([@awx315-B31]; [@awx315-B57]). In addition, this dose of DPN was efficacious for EAE in wild-type mice, but was not efficacious in global ERα knock outs ([@awx315-B57]). Mechanistic studies herein used this previously optimized dose. All assessments were done in a blinded fashion with regards to knowledge of treatment randomization. For randomization of mice, after ovariectomy and before EAE induction, recovered healthy mice from each genotype were randomly assigned to treatment with vehicle or ERβ-ligand. For blinding of drug treatment, third party concealment with colour-coded labelling of vehicle or ERβ-ligand treatment syringes was done before treatment started for each experiment.

Histological preparation
------------------------

Mice were exposed to a lethal dose of isoflurane and perfused transcardially with ice-cold PBS for 8 min, followed by 10% buffered formalin for 8 min. Spinal cords were dissected and stored in 10% buffered formalin for 12 h overnight, then submerged in 30% sucrose, 0.1% sodium azide, PBS for 24 h at 4°C. Thoracic and lumbar portion of the spinal cords were cut and embedded in optical cutting temperature compound (O.C.T., Tissue Tek) and stored at −80°C after flash freezing in an isopropanol bath chilled with liquid nitrogen. Tissues were cyrosectioned at −25°C into 40-μm thick sections using a cryostat (Leica CM1860) and stored in 0.1% sodium azide, PBS at 4°C before used for immunofluorescence staining.

Immunofluorescence staining
---------------------------

Spinal cord sections were washed thoroughly using PBS with 0.1% Triton^™^ X-100 (PBSt) to remove residual sodium azide. In the case of anti-MBP staining, tissue sections were incubated with 5% glacial acetic acid, 95% ethanol solution for 30 min at room temperature and then washed with PBSt before blocking. For blocking, tissues were treated with 10% normal goat serum in PBSt for 1 h at room temperature. Primary antibody and secondary antibody staining was done at appropriate concentrations with 2% normal goat serum, PBSt for overnight at 4°C and 1 h at room temperature, respectively. Antibodies are listed in the [Supplementary material](#sup1){ref-type="supplementary-material"}. Nuclei were stained with DAPI at 1:5000 concentrations in PBS. After serial washes sections were mounted onto slides (Superfrost®Plus, VWR) allowed to semi-dry, and cover slipped (24 × 60, Fisher Scientific) with Fluoromount-G® (SouthernBiotech) for confocal microscopy.

Confocal microscopy and image analysis
--------------------------------------

Stained sections were examined and imaged using Olympus BX51 fluorescence microscope with a DP50 digital camera. Images were taken in stacks, ×10 images were taken at 10-μm thickness with 2 μm stacks and ×40 images were taken at 5-μm thickness with 1 μm stacks. All images were taken and processed using the integrated software program Slidebook4.2 (Intelligent Imaging Innovations). ImageJ (NIH) was used to preform integration and analysis of images. All analyses were done in a blinded fashion with regards to knowledge of treatment randomization.

Electron microscopy
-------------------

Mice were exposed to a lethal dose of isoflurane and perfused transcardially with ice-cold PBS for 8 min, followed by 2.5% glutaraldehyde, 2% paraformaldehyde in 0.1 M phosphate buffer, 0.9% sodium chloride (PBS) for 8 min. Thoracic portions of the spinal cords were dissected and post-fixed for 2 h at room temperature in the same fixative and stored at 4°C until processing. Tissues were washed with PBS, post-fixed in 1% OsO~4~ in double-distilled H~2~O for 90 min on ice, dehydrated in a graded series of ethanol, treated with propylene oxide and infiltrated with Eponate 12^™^ (Ted Pella) overnight. Tissues were embedded in fresh Eponate, and polymerized at 60°C for 48 h. Approximately 50--60-nm thick sections were cut on a RMC MT-X ultramicrotome and picked up on Formvar®-coated copper grids. The sections were stained with uranyl acetate and lead citrate and examined on a JEOL 100CX electron microscope at 60 kV. Images were collected on type 4489 EM film and the negatives scanned to create digital files. Films (Kodak) were developed and scanned at high resolution. Analysis was done with ImageJ and g-ratio was used for extent of remyelination on axons. g-ratio = (axon diameter) / (axon + outer myelin diameter).

CNS immune cell isolation and flow cytometry and cell sorting
-------------------------------------------------------------

Animals were overdosed with isoflurane and perfused transcardially with 10 ml PBS within 2 min. Brain and spinal cords were collected into a 15 ml tube with 2 ml of 2% foetal bovine serum in PBS (FACS buffer). Collected CNS tissues were passed through 70 μm followed by 40 μm cell strainers to obtain single cell suspensions. Cells were centrifuged at 1500 rpm for 5 min at 4°C and resuspended in 30% Percoll solution (GE Healthcare Biosciences). The resuspended solution was then layered onto 70% Percoll solution, carefully so that the two solutions do not mix, and centrifuged for 1500 rpm for 20 min at 4°C. After centrifugation, mononuclear CNS immune cells were collected at the 70%:30% interface of Percoll solution and washed. Cells were stained with premixed combination of antibodies: APC-anti-CD11c (N418, BioLegend), PE-anti-CD45 (30-F11, Biolegend), PerCP/Cy5.5-anti-CD11b (M1/70, Biolegend), incubated for 30 min at 4°C and washed thoroughly. For FACS sorting, cells were stained with premixed combination of antibodies: APC-anti-CD11c and PE-anti-CD45, and incubated for 30 min at 4°C. Flow cytometry was performed using BD LSRFortessa cytometer and FACS sorting was performed using BD FACSAriaIII High-Speed Cell Sorter at the UCLA Jonsson Comprehensive Cancer Center (JCCC) and Center for AIDS Research Flow Cytometry Core Facility that is supported by National Institutes of Health awards P30 CA016042 and 5P30 AI028697, and by the JCCC, the UCLA AIDS Institute, the David Geffen School of Medicine at UCLA, the UCLA Chancellor\'s Office, and the UCLA Vice Chancellor\'s Office of Research. Analysis was performed with FlowJo software (Tree Star).

RNA isolation and quantitative PCR of sorted CD11c^+^ cells from the CNS
------------------------------------------------------------------------

FACS sorted cells were centrifuged at 2000 rpm for 5 min at 4°C and resuspended in TRI Reagent® (Zymo Research). RNA was isolated using the Direct-zol^™^ RNA MiniPrep Plus kit (Zymo Research) according to manufacturer's instructions. cDNA was synthesized using the Tetro cDNA Synthesis kit (Bioline) according to manufacturer's instructions. Quantitative PCR was performed using PowerUp^™^ SYBR^™^ Green Master Mix (Thermo Fisher Scientific) on the Bio-Rad Opticon 2 qPCR / Peltier Thermal Cycler according to manufacturer's instruction. Primers are listed in the [Supplementary material](#sup1){ref-type="supplementary-material"}. The efficiency of each set of primers was assessed by quantitative PCR on serial dilution of cDNA from spleen immune cells and was confirmed to be above 90%. All gene expression levels were normalized to levels of β-actin by using the ΔΔCt and expressed as fold change relative to CD11c^+^ microglia cells sorted from vehicle treated wild-type EAE mice.

Bone marrow chimera
-------------------

### Bone marrow cell collection from donor mice

Cells were isolated from femurs and tibias of age-matched female donors. Bone marrow cells were subjected to T and B cell depletion by AutoMACS Magnetic Cell Separator (Miltenyi Biotec). Briefly, cells were incubated with anti-CD90.2 and anti-CD19 Miltenyi Biotec microbeads at 1:9 dilutions in AutoMACS buffer solution for 15 min at 4°C. Cells were then washed with AutoMACS buffer, resuspended at concentration of 10^8^ cells per 500 μl, and passed through AutoMACS Magnetic Cell Separator columns using the 'Deplete' program. Collected cells were washed and resuspended at the concentration of 1.5 × 10^7^ cells per 0.2 ml per mouse in lactated ringer's solution (Abbott Laboratories).

### Preparation and irradiation of recipient mice

Female mice were first ovariectomized at 4 to 5 weeks old and rested 2 weeks for recovery, as described earlier. Mice used for bone marrow chimera analyses received sulfamethoxazole and trimethoprim (TMS, 0.5 mg/ml water) for antibiotics. The mice were then subjected to irradiation once with a dose of 8.5 Gy using ^137^Cs source irradiator (Model MKI-68A, JL Shepherd) provided by the UCLA Center for AIDS Research Humanized Mouse Core. Within 1 to 2 h, irradiated mice received bone marrow cells collected from the donors via tail vein injections. After transplantation, animals were given TMS mixed in autoclaved water for 7 weeks.

### Experimental autoimmune encephalomyelitis induction and drug treatment

Female mice were immunized subcutaneously with MOG peptide 35--55 emulsified in Freund's Complete Adjuvant, supplemented with *M. tuberculosis* H37Ra, over four sites drained by inguinal and auxiliary lymph nodes on both sides in a total volume of 0.1 ml per mouse and received one dose of pertussis toxin (500 ng per mouse, List Biological Laboratories) intraperitoneally on Day 0. Ages of female mice for EAE induction were 14 to 16 weeks due to the time needed for recovery from transplantation and reconstitution. ERβ-ligand was treated 1 week prior to induction, where healthy mice from each genotype were randomly assigned to treatment with vehicle or ERβ-ligand. Treatment was given subcutaneously every other day at a dose of 8 mg/kg per day until the end of each experiment.

Reconstitution rate
-------------------

Mouse blood immune cells collected by retro-orbital puncture were used to investigate reconstitution rates. Detailed methods are described in the [Supplementary material](#sup1){ref-type="supplementary-material"}.

Statistical analyses
--------------------

Statistical analyses of EAE experiments were evaluated using two-way ANOVA with Bonferroni's multiple comparison tests. This test was performed due to the existence of two variables, conditional knockout and drug treatment. In addition, repeated measures were used to observe the treatment effects over time during EAE. Statistical analyses of neuropathological experiments were evaluated using one-way ANOVA with Bonferroni's multiple comparison tests, comparing treatment effects in two different transgenic groups. Data are presented as means ± standard error of the mean (SEM), with error bars representing biological variability between mice within each group. Power calculations for EAE experiments were determined for sample size to reach *P* \< 0.05 by Dr Myung S. Sim, M.S. Dr PH, in the Department of Medicine Statistic Core at UCLA. A minimum of five animals per EAE group was stated to provide statistical significance at a level of *P* \< 0.05 using 95% power analysis, consistent with numbers for EAE experiments in the field. Mice that never exhibited signs of EAE or died during an experiment were excluded, based on previously established criteria in the lab. Specifically, mice with EAE induced, but which never exhibit signs of EAE, would be excluded from the study. In addition, mice that died during experiments would be excluded, because of inability to carry forward previous scores over time during repeated measures. This criterion was applied equally to all groups. Data distribution was assumed to be normal. All statistical analyses were performed using Prizm 6 (version 6.01) software (GraphPad, CA).

Results
=======

Neuroprotective effects mediated by CD11c^+^ myeloid cells
----------------------------------------------------------

To determine whether ERβ-ligand treatment effects *in vivo* during EAE are driven by ERβ in CNS resident microglia and peripherally derived myeloid dendritic cells and macrophages, we focused on CD11c^+^ cells. Since CD11c expression is low in the healthy CNS, we first verified which population of cells expresses CD11c in the CNS during disease using flow cytometry of CNS mononuclear immune cells isolated from brains and spinal cords of EAE mice. CNS CD45^+^ cells were divided into two distinct populations; CD45^int^ CNS resident microglia and CD45^hi^ peripherally derived immune cells. The populations were then further divided into: CD45^int^CD11c^+^CD11b^+^ or CD45^int^CD11c^−^CD11b^+^ microglia, CD45^hi^CD11c^+^CD11b^+^ myeloid dendritic cells and macrophages, CD45^hi^CD11c^−^CD11b^+^ macrophages and CD45^hi^CD11c^−^CD11b^−^ lymphocytes ([Fig. 1](#awx315-F1){ref-type="fig"}A). These data demonstrate CD11c expression in microglia and myeloid dendritic cells and macrophages in the CNS during EAE.

![**ERβ-specific deletion in CD11c^+^ cells during EAE.** (**A**) Flow cytometry dot plots of CNS mononuclear immune cells isolated from brains and spinal cords of EAE mice. CNS mononuclear immune cells were gated based on FSC and CD45 expression. CNS CD45^+^ gated cells included two separate populations, CD45^hi^ and CD45^int^, within the R1 gate. CD45^+^ cells were further gated based on CD11c expression into R2: CD45^+^CD11c^−^ and R3: CD45^+^CD11c^+^. CD11b staining revealed that R2 included CD45^hi^CD11c^−^CD11b^−^ lymphocytes, CD45^hi^CD11c^−^CD11b^+^ macrophages, and CD45^int^CD11c^−^CD11b^+^ resident microglia, and R3 included CD45^hi^CD11c^+^CD11b^+^ peripherally derived myeloid dendritic cells and macrophages (DC/Mφ) and CD45^int^CD11c^+^CD11b^+^ resident microglia. FSC = forward scatter. (**B**) Immunofluorescence images of spinal cord tissues stained with CD11c-GFP (green), ERβ (red) and nuclear stain DAPI (blue) with merged images for co-localization (yellow) on *right*. *Top row*: CD11c-cre-GFP^+^ control mice showed co-localization (white arrows) of CD11c-GFP and ERβ. *Bottom row*: CD11c-cre-GFP^+^;ERβ^fl/fl^ CKO mice did not show co-localization (white arrows). Orange arrows represent other cells in the CNS expressing ERβ. Scale bar = 20 μm. (**C**) Quantitative analysis of CD11c-GFP and ERβ co-localization in immunofluorescence images of CD11c-cre-GFP^+^ (Control) and CD11c ERβ CKO (CKO) mice with EAE. (**D**) Representative flow cytometry plots of isolated CNS mononuclear immune cells from a pool of three individual mice. CNS mononuclear immune cells were gated based on SSC and FSC (*left*), and subpopulations were identified using CD11c and CD45 staining (*right*). Cell populations labelled as CD11c^+^ microglia, CD11c^+^ myeloid dendritic cells and macrophages, and CD11c^−^ cells were FACS sorted for mRNA isolation and quantitative PCR analysis. (**E**) Quantitative analysis of ERβ (Esr2) mRNA expression in sorted CNS CD11c^+^ microglia, CD11c^+^ myeloid dendritic cells and macrophages cells, and CD11c^−^ cells from mice with ERβ deleted in CD11c^+^ cells (CKO) and wild-type mice, each with EAE.](awx315f1){#awx315-F1}

To investigate whether neuroprotective effects of ERβ-ligand treatment are mediated through CD11c^+^ cells *in vivo* during EAE, we created mice with specific deletion of ERβ in CD11c^+^ cells using the Cre-LoxP system, by crossing CD11c-cre-GFP^+^ mice with ERβ^floxed/floxed^ (ERβ^fl/fl^) mice to obtain CD11c-cre-GFP^+^;ERβ^fl/fl^ mice (CD11c ERβ CKO). We then confirmed the specific deletion of ERβ in CD11c^+^ cells in the CNS in CKO mice by inducing EAE and collecting spinal cord tissues for immunofluorescence. ERβ expression in CD11c^+^ cells was shown by co-localization (merge) of ERβ (red) and CD11c-EGFP (green) in control EAE spinal cord tissues, while CKO EAE spinal cords did not show co-localization ([Fig. 1](#awx315-F1){ref-type="fig"}B). Quantification of co-localization confirmed the efficiency of ERβ deletion in CD11c^+^ cells ([Fig. 1](#awx315-F1){ref-type="fig"}C). FACS sorted mononuclear immune cells from the CNS of EAE mice with analysis of ERβ (Esr2) mRNA expression by quantitative PCR showed deletion of ERβ from CD11c^+^ microglia and CD11c^+^ myeloid dendritic cells and macrophages, but not from CD11c^−^ cells ([Fig. 1](#awx315-F1){ref-type="fig"}D and E). Together, these data validated the deletion of ERβ from CD11c^+^ microglia and CD11c^+^ myeloid dendritic cells and macrophages in the CNS of mice with EAE.

To determine the functional significance of ERβ expression in CD11c^+^ cells, we assessed effects of ERβ-ligand treatment during EAE in CKO and CD11c-cre-GFP^−^;ERβ^fl/fl^ (wild-type) littermates ([Fig. 2](#awx315-F2){ref-type="fig"}A). For ERβ-ligand treatment we used DPN. Vehicle treated wild-type EAE mice exhibited the typical EAE disease course in C57BL/6J mice, whereas ERβ-ligand treated wild-type EAE mice showed amelioration of EAE during the chronic phase, consistent with previous reports ([@awx315-B57]; [@awx315-B51]). In contrast, ERβ-ligand treated CKO EAE mice did not exhibit clinical disease protection, with EAE scores identical to those in vehicle treated CKO EAE mice ([Fig. 2](#awx315-F2){ref-type="fig"}A, [Supplementary Tables 1](#sup1){ref-type="supplementary-material"} and [2](#sup1){ref-type="supplementary-material"}). Next, we performed neuropathological studies on the CKO and wild-type EAE mice.

![**ERβ expression in CD11c^+^ cells is necessary for neuroprotection in EAE.** (**A**) Breeding scheme for creating wild-type (WT) and CKO mice of ERβ in CD11c^+^ cells. Briefly, CD11c-Cre-GFP^+^ mice were crossed with mice carrying an ERβ (*Esr2*) gene flanked by LoxP sites (ERβ^fl/fl^). Homozygous ERβ^fl/fl^ mice without (WT) or with (CKO) Cre were generated. Each genotype was separated into two groups and received either vehicle or ERβ-ligand, DPN, treatment (tx). EAE was induced and animals were monitored daily and scored using the standard EAE 0--5 scale. ERβ-ligand treated wild-type EAE mice (WT-ERβ, blue solid) had significantly better clinical scores compared to vehicle treated wild-type EAE mice (WT-V, blue clear), \*\*\**P* (WT-V versus WT-ERβ) = 0.0002, after Day 20 of EAE. In contrast, ERβ-ligand mediated protection did not occur in ERβ-ligand treated CKO EAE mice (CKO-ERβ, black solid) when compared to vehicle treated CKO EAE mice (CKO-V, black clear), *P* (CKO-V versus CKO-ERβ) \> 0.9999. Detailed EAE statistics are in [Supplementary Tables 1](#sup1){ref-type="supplementary-material"} and [2](#sup1){ref-type="supplementary-material"}. (**B**) Representative images and quantitative analyses of NF200^+^, SMI32^+^, and βAPP^+^ axons in dorsal white matter of the spinal cord. Images were taken at 40× magnification. Scale bar = 20 μm. (**C**) Representative images and quantitative analyses of MBP^+^ and CNPase^+^ mean intensity in dorsal white matter of the spinal cord. Scale bar = 100 μm. (**D**) Representative electron microscopy images of ultraresolution of axons and myelin thickness in the dorsal white matter of spinal cord. Myelin thickness in the wild-type and CKO EAE mice treated with vehicle and ERβ-ligand was measured using the g-ratio (axon diameter) / (axon + outer myelin diameter) and shown in comparison with normal. Quantitative analysis showed that ERβ-ligand treated wild-type EAE mice had a decrease in g-ratio due to increased outer myelin diameter, while CD11c ERβ CKO mice with EAE did not. Scale bar = 1 μm. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001. Data are representative of three repeated experiments.](awx315f2){#awx315-F2}

Healthy axons were evaluated by counting the number of phosphorylated neurofilament 200 (NF200)-positive intact axons, and injured axons by the number of non-phosphorylated NF200 (SMI32) and beta amyloid precursor protein (βAPP)-positive axons in spinal cord white matter. We observed a reduction of NF200^+^ healthy axons and an increase in SMI32^+^ and βAPP^+^ injured axons in vehicle treated wild-type EAE mice compared to healthy controls. Axons were protected in ERβ-ligand treated wild-type EAE mice as shown by an increase in NF200^+^ axons and a decrease in SMI32^+^ and βAPP^+^ axons. In contrast, ERβ-ligand treatment of CKO EAE mice failed to protect axons during EAE ([Fig. 2](#awx315-F2){ref-type="fig"}B). Myelin pathology was evaluated by measuring the intensity of MBP and 2,3-cyclic-nucleotide 3-phosphodiesterase (CNPase). We observed a reduction of myelin intensity in vehicle treated wild-type EAE mice compared to healthy controls. Myelin was protected in ERβ-ligand treated wild-type EAE mice, but not in ERβ-ligand treated CKO EAE mice ([Fig. 2](#awx315-F2){ref-type="fig"}C). Lastly, ultrastructural analysis of myelination using electron microscopy showed that vehicle treated wild-type EAE mice had an increased g-ratio \[axon diameter / (axon + outer myelin diameter)\] compared to healthy controls. ERβ-ligand treatment of EAE wild-type mice decreased the g-ratio compared to vehicle treated, consistent with increased myelin staining by immunofluorescence during ERβ-ligand treatment. In contrast, ERβ-ligand treated CKO EAE mice did not show this protective effect on myelin ([Fig. 2](#awx315-F2){ref-type="fig"}D). Together, these results show that ERβ expression in CD11c^+^ cells is necessary for ERβ-ligand treatment to provide neuroprotection during EAE.

ERβ-ligand treatment reduces the pro-inflammatory phenotype of myeloid cells in the CNS
---------------------------------------------------------------------------------------

Despite the beneficial effects of ERβ-ligand treatment on axons and myelin during EAE, there was no effect on quantitative levels of CD3^+^ T cells, Iba1^+^ globoid macrophages, or Iba1^+^ ramified microglia in spinal cord white matter ([Supplementary Fig. 1](#sup1){ref-type="supplementary-material"}), as described ([@awx315-B57]; [@awx315-B51]). However, there were qualitative effects of ERβ-ligand treatment on Iba1^+^ myeloid cells. During EAE, vehicle treated wild-type EAE mice showed an increase in MHCII expression on Iba1^+^ myeloid cells compared to healthy controls, and ERβ-ligand treatment abrogated this increase in MHCII. In contrast, this effect of ERβ-ligand treatment on Iba1^+^ myeloid cells was lost in CKO EAE mice ([Fig. 3](#awx315-F3){ref-type="fig"}A and D). We then measured expression levels of pro-inflammatory inducible nitrogen oxide synthase (iNOS) and anti-inflammatory arginase-1 (ARG1), on Iba1^+^ myeloid cells. We observed that iNOS expression on Iba1^+^ myeloid cells was reduced in ERβ-ligand treated wild-type EAE mice compared to vehicle treated wild-type EAE mice, but this treatment effect did not occur in ERβ-ligand treated CKO EAE mice ([Fig. 3](#awx315-F3){ref-type="fig"}B and E). There was no effect on ARG1 expression ([Fig. 3](#awx315-F3){ref-type="fig"}C and F). Together, these results show that ERβ-ligand treatment reduced the pro-inflammatory phenotype of myeloid cells in the CNS during EAE, and this was mediated through direct effects of ERβ-ligand treatment on CD11c^+^ cells.

![**Qualitative effects on inflammatory markers on CNS resident and infiltrated Iba1^+^ myeloid cells.** (**A**) Representative images of spinal cord tissues stained with MHCII (red) and Iba1 (green), (**B**) iNOS (red) and Iba1 (green), and (**C**) ARG1 (red) and Iba1 (green). Scale bar = 50 μm and 10 μm (*inset*). *Inset*: white arrows indicate co-localization. (**D**) MHCII^+^Iba1^+^ myeloid cells were increased in vehicle treated wild-type EAE mice (WT-V) compared to healthy controls (N), while ERβ-ligand treated wild-type EAE mice (WT-ERβ) showed a reduction in per cent MHCII^+^Iba1^+^ myeloid cells. In contrast, ERβ-ligand treated CKO EAE mice (CKO-ERβ) were no different from vehicle treated CKO EAE mice (CKO-V). (**E**) iNOS^+^Iba1^+^ myeloid cells were also reduced in ERβ-ligand treated wild-type EAE, but not in CKO EAE mice. (**F**) ARG1^+^Iba1^+^ myeloid cells were no different between groups. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. Data are representative of two repeated experiments.](awx315f3){#awx315-F3}

The relationship between neuroprotective effects on CD11c^+^ cells and oligodendrocyte lineage cells
----------------------------------------------------------------------------------------------------

Previous reports showed that ERβ in Olig2^+^ oligodendrocyte lineage cells (OLCs) ([@awx315-B17]), but not GFAP^+^ astrocytes ([@awx315-B51]) or NSE^+^ neurons ([@awx315-B51]), mediated neuroprotective effects of ERβ-ligand treatment during EAE. This neuroprotection entailed increased oligodendrocyte maturation and remyelination ([@awx315-B17]; [@awx315-B22]). To understand these reports in the context of our new finding of a direct effect of ERβ-ligand treatment on CD11c^+^ cells, we determined levels of Olig2^+^ OLC subpopulations using an oligodendrocyte precursor cell (OPC) marker chondroitin sulphate proteoglycan (NG2) and more mature oligodendrocyte markers, adenomatous polyposis coli (CC1) and glutathione S-transferase-pi (GSTπ) during EAE in wild type and CD11c^+^ ERβ CKO mice ([Fig 4](#awx315-F4){ref-type="fig"}A). The percentages of Olig2^+^GSTπ^+^ mature and Olig2^+^CC1^+^ immature/mature oligodendrocytes were reduced in wild-type EAE mice compared to normal controls, and ERβ-ligand treatment increased these cells in wild-type EAE mice. In contrast, ERβ-ligand treatment of EAE in CD11c ERβ CKO mice did not induce an increase in these OLC subpopulations ([Fig 4](#awx315-F4){ref-type="fig"}B and C) showing that ERβ-ligand acting on CD11c^+^ cells was necessary for this effect. Olig2^+^NG2^+^ OPCs did not show changes with disease or with ERβ-ligand treatment ([Fig. 4](#awx315-F4){ref-type="fig"}D). Together, these results demonstrate that ERβ-ligand treatment increases mature OLCs during EAE, but when the immunomodulatory effects of ERβ-ligand treatment on CD11c^+^ cells is removed, this effect no longer occurs.

![**ERβ-ligand treatment acts on CD11c^+^ cells to permit increases in mature oligodendrocytes during EAE.** (**A**) Immunofluorescence images of spinal cord tissues stained with Olig2 (red), and co-stained with GSTπ (green), CC1 (green), and NG2 (green). On the *left* is a representative image of Olig2^+^ oligodendrocyte lineage cells (OLC) in dorsal white matter of the spinal cord. On the *right* are representative images of each co-stain; Olig2-GSTπ (*top*), Olig2-CC1 (*middle*) and Olig2-NG2 (*bottom*). Scale bar = 50 μm (*left*) and 20 μm (*right*). White box indicates the area where the co-stains were imaged. Quantitative analyses of (**B**) Olig2^+^GSTπ^+^ mature OLCs, (**C**) Olig2^+^CC1^+^ immature/mature OLCs, and (**D**) Olig2^+^NG2^+^ oligodendrocyte precursor cells, each in dorsal white matter of the spinal cord. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001. Data are representative of two repeated experiments.](awx315f4){#awx315-F4}

To further examine effects of ERβ-ligand treatment on OLCs, we used mice with a specific deletion of ERβ specifically in Olig1^+^ OLCs. We crossed Olig1-cre mice with ERβ^fl/fl^ mice to generate Olig1-cre^+^;ERβ^fl/fl^ mice (Olig1 ERβ CKO) and littermate controls Olig1-cre^−^;ERβ^fl/fl^ (Olig1-WT), then induced EAE and treated with ERβ-ligand or vehicle ([Fig. 5](#awx315-F5){ref-type="fig"}A). ERβ-ligand treated Olig1-WT EAE mice exhibited protection from EAE compared to vehicle treated Olig1-WT EAE mice. In contrast, Olig1 ERβ CKO EAE mice did not show clinical disease protection with ERβ-ligand treatment, thereby showing direct effects of ERβ-ligand treatment on Olig1^+^ OLCs ([Fig. 5](#awx315-F5){ref-type="fig"}B, [Supplementary Tables 1](#sup1){ref-type="supplementary-material"} and [2](#sup1){ref-type="supplementary-material"}). Neuropathology of axons and myelin showed that the ERβ-ligand treatment mediated neuroprotective effects were lost in Olig1 ERβ CKO EAE mice ([Fig. 5](#awx315-F5){ref-type="fig"}B and D). In contrast, the immunomodulatory effect of ERβ-ligand treatment on MHCII expression on Iba1^+^ myeloid cells was not lost in Olig1 ERβ CKO mice with EAE ([Fig. 5](#awx315-F5){ref-type="fig"}D), differing from how treatment effects on MHCII were lost in CD11c ERβ CKO EAE mice ([Fig 3](#awx315-F3){ref-type="fig"}D). Furthermore, ERβ-ligand treatment increased both the percentage of Olig2^+^GSTπ^+^ mature oligodendrocytes and Olig2^+^CC1^+^ immature/mature oligodendrocytes during EAE in Olig1-WT mice, but both of these effects were lost in Olig1 ERβ CKO mice with EAE ([Fig. 5](#awx315-F5){ref-type="fig"}E). Together, these data show that direct effects of ERβ-ligand treatment on CD11c^+^ cells and on Olig1^+^ cells are both necessary for neuroprotection during EAE, for one without the other is not sufficient.

![**ERβ expression on Olig1^+^ cells is necessary for neuroprotection in EAE**. (**A**) Breeding scheme for creating wild-type (WT) and CKO mice of ERβ in Olig1^+^ cells. Briefly, Olig1-Cre ^+^ mice were crossed with mice carrying an ERβ (*Esr2*) gene flanked by LoxP sites (ERβ^fl/fl^). Homozygous ERβ^fl/fl^ mice without (Olig1-WT) or with (Olig1-CKO) Cre were generated. Each genotype was separated into two groups and received either vehicle or ERβ-ligand treatment (tx), EAE was induced and mice were scored for EAE severity as above. ERβ-ligand treated Olig1-WT EAE mice (Olig1-WT-ERβ, blue solid) had significantly better clinical scores compared to vehicle treated Olig1-WT EAE mice (Olig1-WT-V, blue clear), \*\**P* (Olig1-WT-V versus Olig1-WT-ERβ) = 0.0095, after Day 20 of EAE. In contrast, ERβ-ligand mediated protection did not occur in ERβ-ligand treated Olig1-CKO EAE mice (Olig1-CKO-ERβ, black solid) when compared to vehicle treated Olig1-CKO EAE mice (Olig1-CKO-V, black clear), *P* (Olig1-CKO-V versus Olig1-CKO-ERβ) = 0.7967. Detailed EAE statistics are in [Supplementary Tables 1](#sup1){ref-type="supplementary-material"} and [2](#sup1){ref-type="supplementary-material"}. Quantitative analyses of (**B**) NF200^+^, SMI32^+^, and βAPP^+^ axonal counts, (**C**) MBP^+^ and CNPase^+^ myelin intensity, and (**D**) MHCII^+^Iba1^+^ myeloid cells in dorsal white matter of the spinal cord. (**E**) Quantitative analyses of total Olig2^+^ OLCs, and the percentage of subpopulations: Olig2^+^NG2^+^ OPCs, Olig2^+^CC1^+^ immature/mature oligodendrocytes, and Olig2^+^GSTπ^+^ mature oligodendrocytes in dorsal white matter of the spinal cord. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001. Data are representative of three repeated experiments.](awx315f5){#awx315-F5}

CD11c^+^ myeloid dendritic cells and macrophages, not microglia, mediate neuroprotection
----------------------------------------------------------------------------------------

Next, we determined whether direct effects of ERβ-ligand treatment on CD11c^+^ cells during EAE were due to effects on resident microglia or myeloid dendritic cells and macrophages. Studying these cell populations independently has been difficult since they share the same lineage ([@awx315-B10]). The recent identification of microglia-specific markers is now permitting microglia-specific studies *in vitro* without contamination of peripherally derived myeloid cells; however, *in vivo* models are not yet available ([@awx315-B3]). Therefore, to investigate which CD11c^+^ population mediates the protective effects of ERβ-ligand treatment *in vivo*, we created CKO mice with ERβ deleted in one population, but not the other, using bone marrow chimeras. Bone marrow chimera experiments used C57BL/6J CD45.1 wild-type mice as donors to determine the reconstitution efficiency of CD45.2 CKO or wild-type recipient mice using flow cytometry with FITC-anti-CD45.2 and PE-anti-CD45.1 labelling of blood leucocytes. The reconstitution efficiency was ∼95% ([Supplementary Fig. 2](#sup1){ref-type="supplementary-material"}). Bone marrow chimera mice with the CKO of ERβ in CD11c^+^ cells originating from the CNS (CD11c^+^ microglia-CKO) were created by injecting wild-type donor bone marrow cells into irradiated wild-type versus CKO recipient mice ([Fig. 6](#awx315-F6){ref-type="fig"}A). We observed that chimeric mice with deletion of ERβ in CNS resident CD11c^+^ microglia (wild-type→CKO) exhibited protection from clinical EAE with ERβ-ligand treatment, identical to that in chimeric wild-type (wild-type→wild-type) EAE mice ([Fig. 6](#awx315-F6){ref-type="fig"}B and [Supplementary Tables 1](#sup1){ref-type="supplementary-material"} and [2](#sup1){ref-type="supplementary-material"}). Neuropathology confirmed clinical EAE data, with ERβ-ligand treatment sparing NF200^+^ axons and MBP^+^ myelin and reducing βAPP^+^ axons in both groups regardless of selective ERβ deletion in CD11c^+^ microglia of recipients ([Fig. 6](#awx315-F6){ref-type="fig"}C−E). These results demonstrate that ERβ expression on CNS resident CD11c^+^ microglia is not necessary for neuroprotective effects of ERβ-ligand treatment during EAE.

![**CD11c^+^ microglial ERβ expression is not necessary for neuroprotection in EAE.** (**A**) Diagram for creating CD11c^+^ microglia-CKO using BMC. Briefly, CD45.1 wild-type mice were used as donors for bone marrow cells, and CD45.2 wild-type (WT→WT) or CKO (WT→CKO) were used as irradiated recipients. Each genotype was separated into two groups and received either vehicle or ERβ-ligand treatment (tx), EAE was induced and mice were scored for EAE severity. (**B**) ERβ-ligand treated wild-type (WT→WT-ERβ, blue solid) EAE mice had significantly better scores compared to vehicle treated wildtype (WT→WT-V, blue clear) EAE mice, \**P* (WT→WT-V versus WT→WT-ERβ) = 0.0188. Similarly, ERβ-ligand treated CKO (WT→CKO-ERβ, black solid) EAE mice also had significantly better scores compared to vehicle treated conditional knockout (WT→CKO-V, black clear) EAE mice, \*\**P* (WT→CKO-V versus WT→CKO-ERβ) = 0.0077. Detailed EAE statistics are in [Supplementary Tables 1](#sup1){ref-type="supplementary-material"} and [2](#sup1){ref-type="supplementary-material"}. Quantitative analysis of (**C**) NF200^+^ axonal count, (**D**) βAPP^+^ axonal count, (**E**) MBP^+^ myelin intensity, and (**F**) MHCII expression on Iba1^+^ myeloid derived cells (percentage) in dorsal white matter of the spinal cord. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001. Data are representative of two repeated experiments.](awx315f6){#awx315-F6}

Since CD11c^+^ microglia were not the target of ERβ-ligand treatment, we next created CKO mice with ERβ deleted from CD11c^+^ cells originating from the periphery (CD11c^+^ myeloid dendritic cells and macrophages CKO) by collecting donor bone marrow cells from CD45.2 wild-type or CKO mice and injecting them into irradiated CD45.1 wild-type recipient mice ([Fig. 7](#awx315-F7){ref-type="fig"}A). In contrast to the protection observed with ERβ-ligand treatment of chimeric wild-type (wild-type→wild-type) EAE mice, ERβ-ligand treatment was not protective in EAE mice with deletion of ERβ in CD11c^+^ myeloid dendritic cells and macrophages (CKO→wild-type) ([Fig. 7](#awx315-F7){ref-type="fig"}B, [Supplementary Tables 1](#sup1){ref-type="supplementary-material"} and [2](#sup1){ref-type="supplementary-material"}). Neuropathological analyses of NF200^+^ axons, βAPP^+^ axons, and MBP^+^ myelin confirmed that ERβ-ligand treatment mediated neuroprotective effects were lost in CD11c^+^ myeloid dendritic cells and macrophages ERβ CKO mice ([Fig. 7](#awx315-F7){ref-type="fig"}C--E). There was no effect on quantitative levels of immune cells in the CNS ([Supplementary Fig. 3](#sup1){ref-type="supplementary-material"}). Together, these results show that ERβ expression on CD11c^+^ myeloid dendritic cells and macrophages mediates neuroprotective effects of ERβ-ligand treatment during EAE.

![**ERβ expression on CD11c^+^ myeloid dendritic cells and macrophages is necessary for neuroprotection in EAE.** (**A**) Diagram for creating CD11c^+^ myeloid dendritic cells and macrophages (DC/MΦ) CKO using bone marrow chimeras. Briefly, CD45.2 wild-type (WT→WT) versus CKO (CKO→WT) mice were used as donors for bone marrow cells, and CD45.1 wild-type mice were used as irradiated recipients. Each genotype was separated into two groups and received either vehicle or ERβ-ligand treatment (tx), EAE was induced and mice were scored for EAE severity. (**B**) ERβ-ligand treated wild-type (WT→WT-ERβ, blue solid) EAE mice had significantly better EAE scores compared to vehicle treated wild-type (WT→WT-V, blue open) EAE mice, \*\*\**P* (WT→WT-V versus WT→WT-ERβ) = 0.0005, after Day 20 of EAE, whereas ERβ-ligand mediated protection did not occur in ERβ-ligand treated conditional knockout (CKO→WT-ERβ, black solid) compared to vehicle treated CKO (CKO→WT-V, black clear) EAE mice, *P* (CKO→WT-V versus CKO→WT-ERβ) \> 0.9999. Detailed EAE statistics are in [Supplementary Tables 1](#sup1){ref-type="supplementary-material"} and [2](#sup1){ref-type="supplementary-material"}. Quantitative analysis of (**C**) NF200^+^ axonal count, (**D**) βAPP^+^ axonal count, (**E**) MBP^+^ myelin intensity, and (**F**) MHCII expression on Iba1^+^ myeloid derived cells (percentage) in dorsal white matter of the spinal cord. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.](awx315f7){#awx315-F7}

Finally, to characterize the effect of ERβ-ligand treatment on CD11c^+^ microglia and CD11c^+^ myeloid dendritic cells and macrophages in the CNS during EAE, we determined expression levels of iNOS, T-bet, CCR2, IL-10, ARG1 and YM-1 in FACS sorted CD11c^+^ microglia and CD11c^+^ myeloid dendritic cells and macrophages ([Fig. 8](#awx315-F8){ref-type="fig"}A) from the CNS of CD11c ERβ CKO and wild-type EAE mice treated with vehicle or ERβ-ligand. Pro-inflammatory iNOS and T-bet were reduced, while anti-inflammatory IL-10 was increased, in CD11c^+^ myeloid dendritic cells and macrophages from wild-type EAE mice treated with ERβ-ligand. In contrast, this ERβ-ligand treatment effect did not occur in CD11c ERβ CKO mice ([Fig. 8](#awx315-F8){ref-type="fig"}B). ARG1 and YM-1 did not show significant changes. Interestingly, the ERβ-ligand treatment effect on iNOS, T-bet and IL-10 observed in CD11c^+^ myeloid dendritic cells and macrophages was not observed in CD11c^+^ microglia. This was consistent with bone marrow chimera results showing that CD11c^+^ myeloid dendritic cells and macrophages play a role mediating neuroprotective effects of ERβ-ligand treatment during EAE.

![**Gene expression profiles of CD11c^+^ microglia and CD11c^+^ dendritic cells and macrophages cells from the CNS of ERβ-ligand or vehicle treated mice with EAE.** (**A**) Representative flow cytometry plots of isolated CNS mononuclear immune cells from a pool of two to four individual mice. CNS mononuclear immune cells were gated based on SSC and FSC (*left*), and subpopulations were identified using CD11c and CD45 staining (*right*). Cell populations labelled as CD11c^+^ microglia and CD11c^+^ myeloid dendritic cells and macrophages were FACS sorted for mRNA isolation and quantitative PCR analysis. (**B**) Quantitative analysis of iNOS, T-bet, IL-10, CCR2, ARG1, and YM-1 mRNA expression levels of sorted CD11c^+^ microglia and CD11c^+^ myeloid dendritic cells and macrophages from wild type (WT) (*left*) and CD11c ERβ CKO (*right*) mice with EAE that were treated with vehicle or ERβ-ligand. Data are from three separate experiments, with error bar representing variation between experiments. \**P* \< 0.05.](awx315f8){#awx315-F8}

Discussion
==========

Here we show for the first time that ERβ expressed in CD11c^+^ cells plays an important role in mediating neuroprotection during EAE. When ERβ was specifically deleted from CD11c^+^ cells, the protective effect of ERβ-ligand treatment was lost. We then used bone marrow chimeras to show that ERβ in peripherally derived CD11c^+^ myeloid dendritic cells and macrophages was responsible, while ERβ in CD11c^+^ microglia was not. We also found that ERβ in Olig1^+^ OLCs can mediate direct neuroprotective effects during EAE. When effects of ERβ-ligand treatment on either myeloid dendritic cells and macrophages or OLCs were removed, treatment was no longer neuroprotective. Together these *in vivo* mechanistic studies show that effects on these two cells types are complementary. Direct effects on OLCs increase numbers of mature OLCs during EAE, but direct effects on CD11c^+^ myeloid dendritic cells and macrophages are also needed to modulate the inflammatory microenvironment in the CNS and avoid an arrest in OLC maturation. These findings underscore the need for combination treatment strategies in EAE that both modulate the inflammatory microenvironment of myeloid dendritic cells and macrophages in the CNS and promote the maturation of oligodendrocytes.

Distinguishing between the effects of ERβ-ligand treatment on CNS resident microglia versus peripheral myeloid dendritic cells and macrophages has therapeutic implications, suggesting that ERβ signalling pathways in myeloid dendritic cells and macrophages are candidate targets. The majority of myeloid dendritic cells and macrophages in the CNS during EAE release pro-inflammatory cytokines and cause myelin and axonal damage. During EAE, the infiltrates are classified as CD45^hi^CD11c^+^CD11b^+^ myeloid dendritic cells and macrophages with elevated levels of MHCII, IL-6, iNOS and other pro-inflammatory molecules ([@awx315-B20]; [@awx315-B60]; [@awx315-B65]). Recruitment of these cells through the CCL2-CCR2 axis has been shown to be critical for further recruitment of Th1/Th17 encephalitogenic cells and progression of chronic EAE ([@awx315-B7]). When MHCII was ablated from these cells, this recruitment was prevented and EAE was ameliorated ([@awx315-B12]; [@awx315-B5]). These reports are consistent with our findings that protection from EAE with ERβ-ligand treatment coincided with reductions in MHCII, iNOS and T-bet, with an increase in IL-10, in CD11c^+^ myeloid dendritic cells and macrophages in the CNS. That said, the infiltration of myeloid dendritic cells and macrophages is not always detrimental in EAE since they can perform phagocytosis to clear debris and secrete neurotrophic factors for recruitment, differentiation and maturation of OPCs to facilitate remyelination ([@awx315-B33]; [@awx315-B43]). However, direct ERβ activation on CD11c^+^ myeloid dendritic cells and macrophages did not increase expression of ARG1 and YM-1 markers of this protective phenotype.

A limitation of our study is that bone marrow chimeras are imperfect and can be associated with the microglial pool being a mixed population of resident microglia and those which repopulate from the periphery after irradiation. This could confound interpretation of our negative findings in [Fig. 6](#awx315-F6){ref-type="fig"} where deletion of ERβ in the CD11c^+^ microglial population did not prevent ERβ-ligand induced disease protection. The protective effect of ERβ-ligand treatment may have remained in wild-type→CKO EAE mice if not all of the CD11c^+^ microglia were devoid of ERβ due to repopulation. However, data in [Fig. 8](#awx315-F8){ref-type="fig"}, where effects of ERβ-ligand treatment on iNOS, T-bet, and IL-10 were found on the CD11c^+^ myeloid dendritic cell and macrophage population, but not on the CD11c^+^ microglial population, make an effect of ERβ-ligand treatment acting on repopulating CD11c^+^ microglial less likely. That said, our findings focusing on CD11c^+^ cells do not rule out additional actions of ERβ in CD11c^−^ microglia.

When ERβ ligands were first shown to provide neuroprotection during late, but not early, EAE ([@awx315-B57]), it suggested that ERβ-ligand conferred protective effects that were unique from other previous EAE treatments, which reduced early EAE as a prelude to reducing late EAE. Translational studies then showed efficacy when ERβ-ligand treatment was started after EAE onset ([@awx315-B19]; [@awx315-B57]; [@awx315-B63]), together prompting investigations using cell-specific knock outs to assess neuroprotective mechanisms *in vivo* and laying the foundation for development of next generation oestrogen treatments to maximize ERβ-mediated neuroprotective efficacy, while minimizing ERα-mediated adverse effects, for treatment of neurodegenerative diseases ([@awx315-B37]; [@awx315-B40]; [@awx315-B62]). While various ERβ-ligands were protective in EAE, it remained unclear whether *in vivo* effects could occur directly through binding to ERβ expressed by immune cells. Studies included the classic ERβ-ligand DPN \[with an β/α affinity of 70:1 ([@awx315-B31]; [@awx315-B8])\], indazole-Cl \[β/α, 107:1 ([@awx315-B6]; [@awx315-B35])\], LY3201 \[β/α, 19:1 ([@awx315-B44]; [@awx315-B66])\], and AC-186 \[β/α, 830:1 ([@awx315-B29]; [@awx315-B14])\]. Also, 5-androstene-3β,17β-diol (β/α, 4:1) ([@awx315-B21]) reduced iNOS, IL-1β, IL-6 and IL-23 expression in cultured activated microglia and astrocytes through recruitment of inhibitory transcription factors to inflammatory promotors, and was protective in EAE, with this protection lost in global ERβ knockouts ([@awx315-B45]). However, CKO studies of ERβ in astrocytes previously ([@awx315-B51]) and in CD11c^+^ microglia here did not show direct effects on these cells *in vivo* during EAE, underscoring important differences between *in vivo* versus *in vitro* studies of these cells. Here, we show direct effects *in vivo* of ERβ-ligand treatment on myeloid dendritic cells and macrophages during EAE.

Investigations of neuroprotection induced by oestrogen treatment can inform the development of other neuroprotective treatments. The optimal receptor for ligation during treatment, ERβ, has not only been identified, it has now been selectively deleted in neurons, astrocytes, oligodendrocytes, microglia and peripheral myeloid cells to determine functional effects *in vivo* during disease. This comprehensive approach has not been applied to any other neuroprotective treatment for any neurological disease. Other putative neuroprotective treatments have used cell-specific conditional knockouts in one, and rarely in two, CNS cell types. The comprehensive approach used with ERβ-ligand treatment permits critical insights herein regarding *in vivo* mechanisms of neuroprotection by contrasting effects in some cells (myeloid dendritic cells and macrophages and OLCs) with lack of effects in others (neurons, astrocytes, resident microglia). Specifically, the mechanism of neuroprotection during ERβ-ligand treatment in EAE involves a combination of effects on two developmentally different populations: myeloid dendritic cells and macrophages and OLCs. ERβ in myeloid dendritic cells and macrophages is immunomodulatory in the CNS microenvironment, while ERβ in OLCs enhances OPC differentiation and maturation to increase remyelination ([@awx315-B17]; [@awx315-B22]; [@awx315-B23]). The maturation of oligodendrocytes by ERβ-ligand treatment during EAE cannot occur without immunomodulation of myeloid-derived dendritic cells and macrophages in the CNS. Indeed, when each cell type (CD11c^+^ or Olig1^+^) is targeted for ERβ specific deletion independently, neuroprotective treatment effects are lost. Thus, each is necessary, but not sufficient. This emphasizes the importance of developing treatment strategies targeting not only remyelination, but also inhibition of pro-inflammatory bone marrow-derived dendritic cells and macrophages. Targeting ERβ signalling pathways in cells of these two distinct lineages may be ideally suited to achieve neuroprotection in multiple sclerosis and perhaps other neurodegenerative diseases.
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